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1. INTRODUCTION
Recently S-duality in supersymmetric Yang-Mills theories and in superstring theories,
has become a most powerful non-perturbative technique to describe and to compute strong
coupling dynamics in these theories.
It is well known that even perturbatively, superstring theories describe a consistent (ultra-
violet finite and unitary) theory of quantum gravity. However, very important gravitational
issues remain behind the non-perturbative sector. For instance, the structure of the mi-
crostates used in the computation of the entropy of extremal and near extremal black holes
[1].
Roughly speaking, for the effective low energy action of string theories, S-duality symme-
try is realized at the level of the axion and dilaton moduli. The gravitational sector appears
dynamical with respect to this symmetry. In fact, it is well known that gravitational correc-
tions are required in order to test string duality [2], and to check some consistency conditions
in M-theory [3].
For the heterotic string theory in ten dimensions, toroidal compactification, to four
dimensions on the six-torus, gives for its low energy limit, N = 4 super Yang-Mills theory
on R4. Thus S-duality in the four dimensional effective theory comes as a consequence of
superstring dualities in ten dimensions. The four-dimensional effective theory is decoupled
from gravitational effects, and gravity enters only as an spectator (not dynamical). From
this theory a twisted topological field theory can be constructed on a curved four-manifold,
which it is shown to be S-dual (according to the Montonen-Olive conjecture), by using
different formulas of four-manifolds well known by the topologists [4].
On the side of non-supersymmetric gauge theories in four dimensions, the subject
has been explored recently in the abelian as well as in the non-abelian cases [5–10], see
also [11–13]. In the abelian case, one considers CP non-conserving Maxwell theory on a
curved compact four-manifold X with Euclidean signature or, in other words, U(1) gauge
theory with a θ vacuum coupled to four-dimensional gravity. The manifold X is basi-
cally described by its associated classical topological invariants: the Euler characteristic
χ(X) = 1
16pi2
∫
X trR ∧ R˜ and the signature σ(X) = − 124pi2
∫
X trR ∧ R.
In the Maxwell theory, the partition function Z(τ) transforms as a modular form under
a finite index subgroup Γ0(2) of SL(2,Z) [5,6], Z(−1/τ) = τuτ¯ vZ(τ), with the modular
2
weight (u, v) = (1
4
(χ+ σ), 1
4
(χ− σ)). In the above formula τ = θ
2pi
+ 4pii
g2
, where g is the U(1)
electromagnetic coupling constant and θ is the usual theta angle.
Witten has shown [5] that, at the quantum level, in order to cancel the modular anomaly
in abelian theories, one has to choose certain holomorphic couplings B(τ) and C(τ) in the
topological gravitational (non-dynamical) sector, through the action
ITOP =
∫
X
(
B(τ)trR ∧ R˜ + C(τ)trR ∧R
)
, (1.1)
i.e., which is proportional to the appropriate sum of the Euler characteristic χ(X) and the
signature σ(X). These couplings must satisfy the condition that exp(B(τ)) and exp(C(τ))
should be modular forms and their associate weights are chosen just to cancel the anomaly
[5]. Therefore, we must consider, for instance, CP non-conserving Maxwell theory with
action IM,θ coupled to ITOP such that
I = IM,θ +
∫
X
(
B(τ)trR ∧ R˜ + C(τ)trR ∧R
)
. (1.2)
IM,θ consists in a dynamical plus a θ-topological term and I
TOP works as a counterterm
which cancels the modular anomaly. Furthermore, if one considers the path integration
over all phase space of the theory, then it can be shown [8] that the path integral phase
space measure
∫ DAαDπα, where Aα represents the abelian connection and πα its conjugate
momenta, codifies the modular anomaly in such a way that the phase space partition function
Zps is in fact a modular invariant, Zps(τ) = Zps(−1/τ).
In the case of Yang-Mills theories, the lack of a generalized Poincare´ lemma means that
there is no dual theory in the same sense as for abelian theories [14]. For generic Yang-
Mills theories, one can follow the same procedure as in the abelian case [8–10]. Usually one
constructs an intermediate Lagrangian from which one recuperates the original Lagrangian
and its dual, as different limits (for a recent review, see [15])
L = −αGaµνGµνa +Gµνa F aµν(A), (1.3)
α is the constant coupling, F aµν is a Lie algebra-valued tensor field and G
a
µν is a Lie algebra-
valued Lagrange multiplier tensor field. Obviously, if the variables G are integrated out, we
get the usual Yang-Mills Lagrangian L = 1
4α
F aµνF
aµν , where F aµν = ∂µA
a
ν − ∂νAaµ + fabcAbµAcν
and fabc are the structure constants of the Lie algebra of the gauge group.
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Thus, the Euclidean partition function of (1.3), after partial integration, will be given by
Z =
∫
DGexp(−
∫
αGaµνG
µν
a dx)
∫
DAexp
[ ∫
(2∂µG
µν
a A
a
ν −Mµνab AaµAbν)dx
]
, (1.4)
Mµνab = f
c
abG
µν
c is the adjoint transformed of G. Furthermore, this partition function can be
rewritten as
Z =
∫ DGexp[− ∫ (αGaµνGµνa −M−1abµν∂ρGνρb ∂τGµτa )dx] ∫ DAexp(∫ Mµνab AaµAbνdx)
=
√
π
∫ DG√det(M−1)exp[− ∫ (αGaµνGµνa −M−1abµν∂ρGνρb ∂τGµτa )dx], (1.5)
which represents in some sense the dual of the starting Yang-Mills theory. Obviously, this
is a complicated “massive” non-linear sigma model [16] which could not be well defined,
depending on if the “metric” M is singular or not. Gannor and Sonnenschein [9] show how
to regain a Yang-Mills theory from this, in such a way that it apparently leads to the dual
theory. Following them, let us define A¯aµ = −(M−1)abµν∂ρGνρb , that is, G satisfies the equations
of motion ∂νG
νµ
b +M
µν
ab A¯
a
ν = 0. In abelian theories, the Poincare´ lemma gives the solution
to this equation in terms of a vector potential for the dual of G. However, for non-abelian
theories, although F aµν(A¯) = ∂µA¯
a
ν − ∂νA¯aµ+ fabcA¯bµA¯cν is a solution for Gaµν , it is not the most
general solution.
Nevertheless, it can be easily seen that the second term in the exponential of (1.5) can be
rewritten as Mµνab A¯
b
νA¯
a
µ, as well as ∂ρG
µρ
a A¯
a
µ plus a total derivative term. Thus, the partition
function turns out to be
Z =
√
π
∫
DG
√
detM−1
∫
DA¯exp{−
∫
[αGaµνG
µν
a −Gµνa F aµν(A¯)]dx}δ(2A¯aµ + 2M−1abνµ∂ρGρνb ),
(1.6)
where the factor 2 in the delta function was introduced for convenience. If now in this
expression the square root of the determinant and the Dirac delta function are written as
exponentials, after a partial integration we get
Z =
√
π
∫
DGDA¯DΩDΛexp(
∫
{Gµνa [−αGaµν + F aµν(A¯)− 2D(A¯)µ Λaν ]−M−1µνabΩaµΩbν}dx),
(1.7)
which after some manipulations turns out to be
Z = π
∫
DGDA˜exp
( ∫
Gµνa [−αGaµν + F aµν(A˜)]dx
)
, (1.8)
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where A˜ = A¯−Λ. This result shows the way back to the model we started with, as well the
covariance of the partition function (1.5) [9].
Now we follow the procedure stated above, to find (1.5) for the non-Abelian case with a
CP -violating θ-term, on the manifold X described as above. The action can be written as
IYM,θ =
1
8π
∫
X
d4x
(
4π
g2YM
tr[FµνF
µν ] +
iθ
4π
ǫµνρσtr[F
µνF ρσ]
)
, (1.9)
θ is the non-Abelian theta-vacuum and gYM is the Yang-Mills coupling constant. Equiva-
lently,
IYM,θ =
i
8π
∫
X
d4x
(
τ¯tr[F+µνF
+µν ]− τtr[F−µνF−µν ]
)
, (1.10)
here τ = θ
2pi
+ 4pii
g2
YM
and τ¯ its complex conjugate, F = dA−A∧A, and F±mn are the self-dual
and anti-self-dual field strengths respectively. We will obtain a Lagrangian which seems to
be the corresponding S-dual Lagrangian to (1.9) employing, as before, an appropriate version
of the Rocˇek-Verlinde procedure [13]. As already shown, one finds the dual Lagrangian of
(1.10) [8–10] to be of the form
I˜YM,θ =
i
8pi
∫
X d
4x
(
− 1
τ¯
G+aµνG
+µν
a +
1
τ
G−aµνG
−µν
a + 2(M
+)−1abνµ ∂ρG
+ρµ
a∂σG
+νσ
b
−2(M−)−1abνµ ∂ρG−ρµa ∂σG−νσb
)
,
(1.11)
where G± are, as mentioned, arbitrary two-forms on X and M± are, as previously, the
adjoints of G±, correspondingly.
In this paper we attempt to explore a possible analog to these kind of “S-dual” theories
for the gravitational sector. We will show that these types of theories in fact exist. We
will consider only the non-dynamical gravitational sector as a first step to gain some insight
about the much more involved dynamical sector.
The paper is organized as follows. In Sec. 2 we propose an intermediate gravitational
Lagrangian which interpolates between our original topological gravitational Lagrangian and
its dual. This dual gravitational Lagrangian is computed following the procedure given in
[9,10]. Sec. 3 is devoted to make a similar procedure but now including a BF non-abelian
gravitational Lagrangian. Sec. 4 is devoted to final remarks.
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2. THE GRAVITATIONAL ANALOG
We will first show our procedure to define a gravitational “S-dual” Lagrangian, by be-
ginning with the non-dynamical topological gravitational action of the general form (1.1)
ITOP =
ΘEG
2π
∫
X
trR ∧ R˜ + Θ
P
G
2π
∫
X
trR ∧R, (2.12)
X is a four dimensional closed lorentzian manifold, i.e compact, without boundary ∂X = 0
and with lorentzian signature. In this action, the coefficients are the gravitational analogues
of the θ-vacuum in QCD [17,18]. Another actions including gravitational Θ-terms have been
analyzed recently in [19].
This action can be written in terms of the self-dual and anti-self-dual parts of the Rie-
mann tensor as follows
ITOP =
∫
X
(
τ+trR+ ∧ R+ − τ−trR− ∧ R−
)
, (2.13)
whith τ± = 1
2pi
(ΘEG ∓ΘPG). In local coordinates on X , this action is written as
ITOP =
∫
X
d4xǫµνρσ
(
τ+R+abµν R
+
ρσab − τ−R−abµν R−ρσab
)
, (2.14)
where R±µν
ab
= 1
2
(Rµν
ab ∓ i
2
ǫabcdRµν
cd) and satisfies
ǫabcdR
±
µν
cd
= ±2iR±µνab. (2.15)
Self-dual (anti-self-dual) Riemann tensors are defined as well in terms of the self-dual
(anti-self-dual) component of the spin connection ω±abµ :=
1
2
(ωabµ ∓ i2ǫabcdωcdµ ) as
R±µν
ab
= ∂µω
±
ν
ab − ∂νω±µab + 1
2
f
[ab]
[cd][ef ]ω
±cd
µ ω
±ef
ν , (2.16)
with
f
[ab]
[cd][ef ] =
1
2
(
ηceδ
a
dδ
b
f − ηcfδadδbe + ηdfδac δbe − ηdeδac δbf − (a↔ b)
)
. (2.17)
The Lagrangian (2.14) can be written obviously as L = L+ + L−, where L± =
ǫµνρσ(τ±R±µν
ab
R±ρσab).
The Euclidean partition function is defined as [20]
Z(τ) = Z(τ+, τ−) =
∫
Dω+Dω−exp
(
−
∫
X
(L+ + L−)
)
, (2.18)
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which satisfies a factorization Z(τ+, τ−) = Z+(τ
+)Z−(τ
−) where
Z±(τ
±) =
∫
Dω±exp
(
−
∫
X
L±
)
. (2.19)
It is an easy matter to see from action (2.14) that the partition function (2.18) is invariant
under combined shifts of ΘEG and Θ
P
G for τ
± → τ±∓ 2, in the case of spin manifolds and for
non-spin manifolds τ± → τ± ∓ 5.
In order to find a S-dual theory to (2.14) we follow references [9,10]. The procedures
are similar to those presented in the Introduction for Yang-Mills theories. We begin by
proposing an intermediate Lagrangian
L = L+ + L− =
= ǫµνρσ
[
τ+R+µν
ab
R+ρσab + iG
+ab
µν
(
R+ρσab − (∂ρω+σab − ∂σω+ρab + [ω+ρ , ω+σ ]ab)
)]
+ǫµνρσ
[
τ−R−µν
ab
R−ρσab + iG
−ab
µν
(
R−ρσab − (∂ρω−σab − ∂σω−ρab + [ω−ρ , ω−σ ]ab)
)]
,
(2.20)
where R+ is of course treated as a field independent on ω+.
For simplicity, we focus on the partition function of the self-dual part of this Lagrangian,
for the anti-self-dual part L− one can follow the same procedure, the corresponding partition
function is
Z∗+(τ
+) =
∫
DR+Dω+DG+exp
(
−
∫
X
L+
)
. (2.21)
First of all we would like to regain the original Lagrangian (2.14). Thus, we should
integrate over the Lagrange multiplier G+
exp
(
−
∫
X
L∗∗+
)
=
∫
DG+exp
(
−
∫
X
L+
)
. (2.22)
The relevant part of the integral is∫
DG+exp
{
− i
∫
X
ǫµνρσG+abµν
(
R+ρσab − (∂ρω+σab − ∂σω+ρab + [ω+ρ , ω+σ ]ab)
)}
. (2.23)
Using the formula δ(x) =
∫
de
2pi
exp(iex) we find
Z∗+(τ
+) = −2π
∫
DR+Dω+δ[ǫ(R± − . . .)]exp(−
∫
X
ǫµνρστ+R+abµν R
+
ρσab). (2.24)
Thus we get the full original Lagrangian L∗∗ = L∗∗+ + L
∗∗
− = ǫ
µνρσ(τ+R+abµν R
+
ρσab +
τ−R−abµν R
−
ρσab), where now R
±ab
µν depend on ω
±ab
µ as usual.
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Obviously, as before, factorization holds, Z∗(τ+, τ−) = Z∗+(τ
+)Z∗−(τ
−).
Now we would like to find the dual Lagrangian L˜∗∗. To do this we have first to integrate
out the variables R+ and ω+, thus
exp
(
−
∫
X
L˜∗∗+
)
=
∫
DR+Dω+exp
(
−
∫
X
L+
)
. (2.25)
We consider first the integration over R+
exp
(
−
∫
X
L˜∗∗ω+
)
=
∫
DR+exp
(
−
∫
X
ǫµνρσ(τ+R+abµν R
+
abρσ + iR
+ ab
µν G
+
ρσab)
)
. (2.26)
The functional integral over R+ is of the Gaussian type and defines the following Lagrangian
L+ = ǫ
µνρσ
[
1
4τ+
G+ abµν G
+
ρσab − iG+ abµν R+ρσab(ω+)
]
, (2.27)
where R+ρσab(ω
+) is given by (2.16). Therefore, another intermediate Lagrangian emerges,
which otherways would result from adding the degrees of freedom G±abµν .
Now we integrate in the variable ω+; using the fact ∂X = 0 and after some manipulations,
the relevant part of the above Lagrangian necessary for the integration in ω+ is
L˜∗∗ω+ = . . .− 2iǫµνρσω+abµ ∂νG+ρσab +
i
2
ǫµνρσf
[ab]
[cd][ef ]ω
+cd
µ ω
+ef
ν G
+
ρσab + . . . . (2.28)
Before performing the functional integration it is convenient to define
M+
ρσ
cdef ≡ iǫµνρσf [ab][cd][ef ]G+µνab. (2.29)
Inserting (2.28) into (2.25) and integrating out with respect to ω+, we finally find
L˜∗∗+ = +2ǫ
µνρσ∂νG
+
ρσab(M
+)−1 abcdµλ ǫ
λθαβ∂θG
+
αβcd + . . . . (2.30)
Therefore, the complete dual Lagrangian is
L˜∗∗ = L˜∗∗+ + L˜
∗∗
−
= ǫµνρσ[− 1
4τ+
G+abµν G
+
ρσab +
1
4τ−
G−abµν G
−
ρσab + 2∂νG
+
ρσab(M
+)
−1 abcd
µλ ǫ
λθαβ∂θG
+
αβcd
−2∂νG−ρσab(M−)−1 abcdµλ ǫλθαβ∂θG−αβcd].
(2.31)
Of course, the condition of factorization for the above Lagrangian still holds.
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3. INCLUDING A BF GRAVITATIONAL TERM
In the previous section we found a dual Lagrangian for a gravitational topological model.
Therefore, we have worked out therefore a non-dynamical gravitational system. We would
like to extend these results to a theory which contains dynamical gravity. This problem is
not easy, so we shall try first a toy model. In this section we consider a four-dimensional
non-abelian BF -theory [21,22], coupled to our topological field theory LTOP
L = LBF + LTOP , (3.32)
where LBF = αtr(Σ ∧ R) + βtr(Σ ∧ Σ) and LTOP = γtr(R ∧ R˜) + δtr(R ∧ R) with α and β
parameters of the BF theory, and γ and δ proportional to the gravitational Θ angles, defined
in the previous section. Thus, we can see this Lagrangian as the non-abelian BF -theory to
which we add a topological (non- dynamical) gravitational Lagrangian, in a similar spirit as
we dealt with the Yang-Mills case in Eq. (1.2).
Now, proceeding as in the last section, we consider only the self-dual terms
L+ = ǫµνρσ
(
AR+abµν R
+
ρσab +BΣ
+ab
µν R
+
ρσab + CΣ
+ab
µν Σ
+
ρσab
)
, (3.33)
where A,B and C are appropriate constants. This action looks similar to the Pleban´ski-
Ashtekar dynamical action [23,24]. Hence, by studying the action (3.33), we hope to learn
how to deal with the dynamical case.
In order to dualize L+, let us propose, as before, the intermediate self-dual Lagrangian
L+ = ǫ
µνρσ
(
AR+abµν R
+
ρσab +BΣ
+ab
µν R
+
ρσab + CΣ
+ab
µν Σ
+
ρσab + EG
+ab
µν
(R+ρσab − ∂ρω+σab + ∂σω+ρab + 12f[ab][cd][ef ]ω+cdρ ω+efσ )
)
,
(3.34)
whereG+abµν is a Lagrange multiplier and E is a constant. The self-dual sector of the Euclidean
partition function is
Z∗+ =
∫
DR+Dω+DΣ+DG+exp
(
−
∫
X
L+
)
, (3.35)
where R+ is of course treated as an independent field.
Following the same procedure as in section 2, we will compute L˜∗∗+ , the dual of the
Lagrangian (3.33). It is defined by
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exp
(
− ∫X L˜∗∗+
)
=
∫ Dω+DΣ+DR+exp( − ∫X L+
)
=
∫ Dω+DΣ+exp( − ∫X LΣ+
)
=
∫ Dω+exp( − ∫X Lω+
)
.
(3.36)
The first integration respect to R+ gives
LΣ+ = ǫ
µνρσ
[
− 1
4A
(BΣ+abµν + EG
+ab
µν )(BΣ
+
ρσab + EG
+
ρσab)
+CΣ+abµν Σ
+
ρσab + EG
+ab
µν (∂ρω
+
σab − ∂σω+ρab + 12f [cd][ef ][ab] ωρcdωσef
)]
.
(3.37)
The relevant part of this Lagrangian for the integration in Σ+ is
LΣ+ = ǫ
µνρσ
[
. . .+
(
C − B
2
4A
)
Σ+abµν Σ
+
ρσab −
BE
2A
G+abµν Σ
+
ρσab + . . .
]
, (3.38)
which is of the Gaussian type. Integration gives
Lω+ =
E2
4A
(
B2
∆
− 1
)
ǫµνρσG+abµν G
+
ρσab + 2Eǫ
µνρσ∂ρG
+ab
µν ω
+
σab
+
1
2
Eǫµνρσf[ab][cd][ef ]G
+ab
µν ω
+cd
ρ ω
+ef
σ , (3.39)
where ∆ = B2 − 4AC. Finally, the computation of ∫ Dω+exp(− ∫X Lω+
)
gives
L˜∗∗+ =
E2
4A
(
B2
∆
− 1
)
ǫµνρσG+abµν G
+
ρσab − 2Eǫµνρσ∂νG+abρσ (M+)−1µλabcdǫλθρσ∂θG+ cdρσ , (3.40)
where M+ρσab cd ≡ ǫµνρσf [ef ][ab][cd] G+µνef .
The full action can be finally constructed from
L˜∗∗ = L˜∗∗+ + L˜
∗∗
− . (3.41)
Obviously, Lagrangian (3.41) contains terms of the form ΣΣ˜ and RΣ˜ that will add to (3.32),
giving then a generalized BF -theory. The coefficient of the G2-term in (3.40) can be adjusted
to be the inverse of A orB in (3.33). We can observe that in this case the dual transformation
involves a more complicated law of transformation for the coupling constants.
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4. FINAL REMARKS
In this paper we have defined a gravitational analog of S-duality following similar pro-
cedures to those well known in non-abelian non-supersymmetric Yang-Mills theories [9,10].
We have shown, how to construct ‘dual’ Lagrangians for pure topological gravity and for a
BF theory coupled to topological gravity. In the computation of ‘dual’ Lagrangians we have
not considered fermionic determinants of zero modes [20]. We expect that the computation
of these determinants will give the manner of transforming the partition function at the
quantum level. This should give rise to some analog of ‘modular weights’ [5].
We are aware that this analogy only was carried out at the level of the structure group
of the frame bundle over X and not over all the genuine symmetries which arise in Einstein
gravity theories, such as Diff(X). Related to this, it is interesting to note that in our ‘dual’
Lagrangians in Eqs. (2.31), and (3.41) only partial derivatives of theG′s fields appear instead
of covariant derivatives. However, it can be shown that following a procedure similar to that
presented in the introduction, one can get the covariance of the partition functions. As it has
been pointed out by Atiyah [25], S-duality symmetry in field theory is a duality between the
fundamental homotopy group of the circle and the space of group characters of representation
theory of the circle. That means a sort of ‘identification’ between algebraic properties of
a topological space. It would be very interesting to investigate what is the mathematical
interpretation of the ‘gravitational S-duality’. The way how this ‘gravitational S-duality’
can be mixed with the usual S-duality in field theory and string theory, are now under
current investigation. Finally, in a forthcoming paper we will exhibit a “dual” theory to
dynamical gravity. For this purpose, the MacDowell-Mansouri gauge theory of gravity [26]
is worked out.
Acknowledgements
This work was supported in part by CONACyT grants 3898P-E9608 and 4434-E9406.
One of us (H.G.-C.) would like to thank CONACyT for support under the program Pro-
grama de Posdoctorantes: Estancias Posdoctorales en el Extranjero para Graduados en In-
stituciones Nacionales 1996-1997, and Academia Mexicana de Ciencias (AMC) for partial
support under the program Estancias de Verano para Investigadores Jo´venes.
12
REFERENCES
[1] A. Strominger and C. Vafa, Phys. Lett. B 379, 99 (1996), hep-th/9601029.
[2] C. Vafa and E. Witten, Nucl. Phys. B447, 261 (1995), hep-th/9505053.
[3] E. Witten, J. Geom. Phys. 22, 1 (1997), hep-th/9609122.
[4] C. Vafa and E. Witten, Nucl. Phys. B 431, 3 (1994), hep-th/9408074.
[5] E. Witten, Selecta Mathematica 1, 383 (1995), hep-th/9505186.
[6] E. Verlinde, Nucl. Phys. B 455, 211 (1995), hep-th/9506011.
[7] J.L.F. Barbon, Nucl. Phys. B 452, 313 (1995), hep-th/9506137.
[8] Y. Lozano, Phys. Lett. B 364, 19 (1995), hep-th/9508021; A.A. Kehagias, “ A Canonical
Approach to S-Duality in Abelian Gauge Theory”, hep-th/9508159.
[9] O. Ganor and J. Sonnenschein, Int. J. Mod. Phys. A 11, 5701 (1996), hep-th/9507036.
[10] N. Mohammedi, “Classical Duality in Gauge Theories”, hep-th/9507040.
[11] M.B. Halpern, Phys. Rev. D 16, 1789 (1977); Phys. Rev. D 19, 517 (1979).
[12] E.S. Fradkin and A.S. Tseytlin, Ann. Phys. 162, 21 (1985).
[13] M. Rocˇek and E. Verlinde, Nucl. Phys. B 373, 630 (1992), hep-th/9110053.
[14] Chan Hong-Mo, J. Faridani and Tsou Sheung Tsun, Phys. Rev. D, 52, 6134 (1995).
[15] F. Quevedo, “Duality and Global Symmetries”, hep-th/9706210.
[16] D.Z. Freedman and P.K. Townsend, Nucl. Phys. B 177, 282 (1981).
[17] S. Deser, M.J. Duff and C.J. Isham, Phys. Lett. B 93, 419 (1980).
[18] A. Ashtekar, A.P. Balachandran and S. Jo, Int. J. Mod. Phys. A 4, 1493 (1989).
[19] L. Smolin, J. Math. Phys. 36, 6417 (1995), gr-qc/9505028.
[20] On the path integral the Faddeev-Popov procedure can be applied and factor out the
zero modes as an standard quotient of determinants. The rest of the path integral is a
sum over the classical saddle points. Here we will consider only this classical part. See
M. Abe, A. Nakamichi and T. Ueno, Mod. Phys. Lett. A 9, 895 (1994); Phys. Rev. D
50, 7323 (1994).
[21] G.T. Horowitz, Commun. Math. Phys. 125, 417 (1989).
[22] J.C. Baez, “Knots and Quantum Gravity: Progress and Prospects”, gr-qc/9410018;
Lett. Math. Phys. 38, 129 (1996), q-alg/9507006.
[23] J.F. Pleban´ski, J. Math. Phys. 18, 2511 (1977); A. Ashtekar, Phys. Rev. Lett. 57,
2244 (1986); Phys. Rev. D 36, 1587 (1987); New Perspectives in Canonical Gravity,
13
Monographs and Texbooks in Physical Science (Bibliopolis, Napoli, 1988).
[24] J. Samuel, Pramana J. Phys. 28, L429 (1987); T. Jacobson and L. Smolin, Class.
Quantum Grav. 5, 583 (1988).
[25] M.F. Atiyah, J. Math. Phys. 36, 6069 (1995).
[26] H. Garc´ıa-Compea´n, O. Obrego´n and C. Ramı´rez, “Gravitational Duality for
MacDowell-Mansouri Gauge Theory of Gravity”, to appear.
14
